Synthetic peptides with sequences representing putative transmembrane (M) segments of CFTR (the cystic fibrosis transmembrane conductance regulator) were used as tools to identify the involvement of such segments in forming the ionic pore of the CFTR Cl channel. Peptides with sequences corresponding to M2 and M6 form anion-selective channels after reconstitution in lipid bilayers. In contrast, peptides with the sequences of Ml, M3, M4, and M5, or peptides of the same amino acid composition as M2 and M6 but with scrambled sequences, do not form channels. Conductive heterooligomers of M2 and M6 exhibit a single channel conductance of 8 pS (in 0.15 M KCI) and a 95% selectivity for anions over cations, properties that emulate both the conductance and the selectivity of the authentic CFTR channel. The identification of sequence-specific motifs that account for key functional attributes of the CFTR channel suggests that such modules may represent fundamental units of function and are plausible constituents of the pore-forming structure of the CF`TR Cl-channel.
A defect in epithelial C1-transport is a major biochemical factor in the pathogenesis of cystic fibrosis (CF) (1) . CFTR (the CF transmembrane conductance regulator), the protein product of the CF-susceptibility gene CFTR, is a phosphorylation-regulated Cl-channel (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . The primary sequence of CFTR reveals two hydrophobic repeats, each with six putative transmembrane segments and a nucleotide-binding fold (1, 2) , joined by a charged central R domain that contains potential phosphorylation sites and is thought to regulate channel open probability (1, 9, 14) . A deletion of a phenylalanine at amino acid 508 in CFTR (AF508CFTR) is the most common mutation in CF patients that affects primarily protein insertion into the apical epithelial membrane and reduces channel open probability, compromising its function (1, 2, 11, 15) . Rarer missense mutations, associated with milder forms of the disease, generate channels that insert in the epithelial membrane but exhibit lower conductances (13) . These mutations affect basic residues at positions 117, 334, and 347 in transmembrane segments M2 and M6, suggesting their participation in lining the pore. To identify sequence-specific motifs associated to functional modules in channel proteins, especially structural components of the ionic pore, synthetic peptides with sequences corresponding to each of the transmembrane segments have been assayed for channel activity after reconstitution in lipid bilayers (16) . Here, we focus on one of the two homologous repeats of CFTR and show that peptides corresponding to the sequences of M2 and M6 form anion-selective channels in lipid bilayers, whereas peptides with the sequences of Ml, M3, M4, and M5 do not. Further, conductive heterooligomers of M2 and M6 peptides approximate the single-channel conductance and the anion selectivity characteristic of CFTR. We propose that a parallel heterotetramer of M2, M6, and the corresponding segments of the second repeat may form the pore-lining structure ofthe CFTR Cl-channel.
MATERIALS AND METHODS
Peptides were synthesized by solid-phase methods on an Applied Biosystems model 431 peptide synthesizer and purified by reversed-phase HPLC (17, 18) . Lipid bilayers were formed at the tip of patch pipets by apposition of two monolayers initially spread at the air/water interface (17) (18) (19) (20) (21) . Peptides were incorporated into bilayers by spreading monolayers ofa lipid/peptide mixture: peptide (0.1 mg) was extracted with lipid (Avanti Biochemicals, Alabaster, AL), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE)/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 4 producing irregular stray fluctuations in membrane current, yet they do not form discrete events. In contrast, M2 and M6 form channels with primary conductances in symmetric 0.5 M KCl of44pS(68%) and 22 pS(24%) for M2 and 62 pS(30%) and 50 pS (38%) for M6 ( Fig. 2A) . The current histograms clearly identify the occurrence of two discrete states, open and closed, for the primary conductances ( Fig. 2A) . Discrete events with smaller ( 10 pS) or larger (.70 pS) conductances are also discerned. Their occurrence is sporadic and the channel open times of the larger conductance events are significantly shorter than those of the primary conductances. The different conductance species observed with peptide channels are anticipated for amphipathic peptides that selfassemble in the membrane to form conductive oligomers of different sizes (17, 18, 24) . Such heterogeneity of conductance species for M2 and M6 peptides would not be expected for the M2 and M6 modules in the context of the authentic CFTR protein (16) .
To assess the significance of the periodic alternation of polar and nonpolar residues in determining the amphipathic nature of the M2 and M6 sequences, peptides of the same amino acid composition as M2 and M6 but with computergenerated scrambled sequences predicted to retain a-helical secondary structure were designed. Random M2 and M6 peptides incorporate into bilayers as evidenced by the erratic distortions of the baseline membrane current (data not shown). However, neither of them forms the discrete conductance transitions that are characteristic of authentic channels. Thus, synthetic peptides with sequences corresponding to transmembrane segments M2 and M6 of CFTR form channels in lipid bilayers, the properties of which are stringently dependent on sequence.
M2 or M6 Channels Are Anion Selective. CFTR reconstituted in lipid bilayers exhibits a single-channel conductance ('y) = 11 pS (symmetric 0.14 M NaCl) (3). Under similar ionic conditions, the most frequent channels formed by the M2 and M6 peptides had y = 13 pS (65%) and y = 7 pS (27%) for M2, and y = 33 pS (27%) and y = 10 pS (40%) for M6 (Fig. 2D) . Apparently, discrete homooligomers of M2 or M6 assemble in bilayers, and those with lower conductances approximate the value characteristic of the CFTR channel.
The M2 and M6 channels are anion selective. Single channel openings are clearly discernible in 0.5 M N-methylglucamine hydrochloride (n 2 4) but absent in 0.5 M sodium gluconate (n -10), as expected for an anion-selective pore that is permeable to the smaller Cl- (Fig. 2B) but not to the larger gluconate anion (Fig. 2C) . In 0.5 M N-methylglucamine hydrochloride, the most frequent events exhibit 'y = 39 pS for M2 and 'y = 57 pS for M6 (Fig. 2B) . The transference number for anions, to = 0.90 + 0.02 (n 2 3) for M2, and t = 0.83 0.02 (n 2 3) for M6, determined from reversal potential (Vr) measurements, indicates that M2 and M6 channels are 90o and 83% anion selective (Fig. 4B) . Purified CFTR exhibits a t = 0.93-0.95 (3). Thus, both M2 and M6 conductive homooligomers mimic the anion-selectivity characteristic of the CFTR channel.
Heterooligomers of M2 and M6 Form Channels That Emulate the Permeation Properties of CFTR. The predicted topol- ogy of transmembrane segments in CFTR dictates that M2 and M6 be arrayed in a parallel orientation (1, 2) . The helical bundle is considered a plausible structural motif for the pore-forming structure of channel proteins (17, 24) , and a five-helix bundle has been identified in the structure of the Torpedo cholinergic receptor channel at 9-A resolution (25 Proc. Natl. Acad. Sci. USA 91 (1994) properties different from those of the homooligomers. M2/M6 channels were of uniform conductance and occurred in bursts of activity that lasted for several minutes (Fig. 3) .
The most frequent events in 0.5 M KCl had y = 40 pS (18%) and y = 22 pS (60%o). Of more relevance, the most frequent events in 0.15 M KCl were for y = 8 pS (71%) (Fig. 3C) , in fair agreement with the value of y = 1 pS for authentic CFTR channels determined under comparable conditions (3). Furthermore, M2/M6 channels are anion selective: t = 0.95 + 0.02 (n -4) as determined from Vr (Fig. 4B) , indicating a 95% selectivity towards anions, in accord with expectations. Together, these results indicate that a conductive heterooligomer of M2 and M6 approximates both the single-channel conductance and the anion selectivity characteristic of CFTR.
Regulation of Channel Gating. The synthetic M2/M6 channel, designed to emulate the pore-forming unit of the CFTR channel, would be predicted to mimic the permeation properties of CFTR but not to display regulation of open probability by protein phosphorylation, a functional attribute assigned to distinct, non-membrane-embedded domains of the protein-the R domain and the nucleotide-binding folds (1, 2) . Indeed, the M2/M6 channels are not modulated by ATP in the absence or presence of recombinant catalytic subunit of the cAMP-dependent protein kinase (data not shown).
CFTR channels in lipid bilayers exhibit linear currentvoltage (I-V) relationships and the channel open probability is not affected by voltage (3). The channels formed by the M2, M6, and M2/M6 peptides show ohmic behavior with random openings and closings occurring in the V range of -100 mV to +100 mV ( Shorter lifetimes were characteristic for M6 channels. The homogeneity of the unitary conductance events formed by the mixture of M2 and M6 and the frequent occurrence of bursts of openings lasting several minutes (Figs. 3 and 4) indicate that the heteromeric M2/M6 channels are more stable than the homooligomers formed by either M2 or M6. We conjecture that this stabilization, a reflection of a lower energy conformation of the assembly in the membrane, may be a clue to the heteromeric structure of the CFTR pore.
Inferences About the Pore-Forming Structure of CFTR. Our results and those obtained from CFTR mutants (7, 13) indicate that the M2 and M6 sequences are plausible constituents of the pore-forming structure ofthe CFTR Cl-channel. The protein topology assigns a parallel orientation for M2, M4, M6, M8, M10, and M12. M4 and M8 do not exhibit features considered critical for a pore-lining segment, and M4 does not form channels (Fig. 1) . Mutation of arginine-1030 in M10 to glutamic acid increased the permeability of the CFTR channel to I-relative to Cl- (7) , suggesting that M10 may be a component of the pore. The occurrence of an additional basic residue, arginine-1128, at the amino-terminal boundary of M12 hints at its possible involvement at the entry pathway of an anion-selective channel. Taken together, these structural features and our findings suggest that a four-helix bundle, consisting of a heterotetramer of M2, M6, M10, and M12, may represent a structural motif underlying the inner bundle that forms the pore of the CFTR Cl-channel. These considerations may apply not only to CFTR but also to cognate members of the superfamily of ABC transporters, a large and diverse family of transport proteins that exhibit a highly conserved ATP-binding cassette (26) .
